ABSTRACT The aim of this study was to investigate the DNA content and morphological characteristics of muscle fibers, and their relation to the growth performance in random bred control (RBC) and heavy weight (HW) Japanese quail lines. The 2 lines were of similar embryo size at 6 and 8 d of incubation; however, HW quail were significantly larger than their counterparts after 10 d of incubation (P < 0.05). The hatch weight of the HW quail line was approximately 1.3-fold higher than the RBC quail line (P < 0.001). After 15 d posthatch, the BW and pectoralis major muscle weight (PMW) exhibited remarkable differences between the 2 quail lines. The RBC line showed a faster rate of increase in PMW (2.7-vs. 2.1-fold) and total DNA mass (2.2-vs. 1.6-fold) between 0 and 4 d posthatch. The HW line exhibited a greater rate of the PMW (33.0-vs. 12.9-fold) and total DNA mass (10.3-vs. 4.0-fold) be-
INTRODUCTION
Within commercial broiler and turkey strains, geneticists have been very successful at increasing BW gain and the proportion of breast muscle (Scheuermann et al., 2004; Updike et al., 2005; Chiang et al., 2008; Lopez et al., 2011) . Genetic selection for BW and breast yield, in poultry, is in response to market demand for more white meat (Lopez et al., 2011) . Studies of genetically selected lines of Japanese quail have shown an increase in 4-wk BW compared with nonselected controls, and this BW increase has been shown to be mostly due to increased muscle mass (Ricklefs and Marks, 1984; Reddish et al., 2003) .
Increased muscle mass in growth selected food animals is due to increased muscle fiber number during embryonic, increased fiber size during postnatal periods, or both (Rehfeldt et al., 2000) . Cherel et al. (1994) reported that selection for high BW resulted in an increase in fiber number and fiber hypertrophy in the anterior latissimus dorsi muscle of turkeys. A broiler line selected for a high breast yield had a higher total fiber number and a greater fiber size than the control line (Scheuermann et al., 2004) . In Japanese quail selected for BW, increased muscle weight is due to increases in the total number of nuclei and muscle length in addition to an increase in fiber cross-sectional area (CSA, Fowler et al., 1980) . The heavy weight (HW) quail line used in the current study have been developed by selecting for increased BW from the random bred control (RBC) quail line for over 40 generations at The Ohio State University (Nestor et al., 1982 (Nestor et al., , 2002 . Although the quail is an excellent model for poultry growth because of its relatively rapid generation time, the HW line has not been extensively studied. Therefore, the tween 4 and 15 d posthatch than the RBC line. Moreover, the greatest increase in total DNA mass occurred between 0 and 8 d posthatch for the RBC line and 4 to 15 d posthatch for the HW line. These differences in the DNA content indicate a difference in the hypertrophic potential of muscle fibers between the 2 quail lines. The cross-sectional area of muscle fibers was 1.3-fold greater in the HW line compared with the RBC line at 8 d posthatch (158.5 vs. 97.11 μm 2 , P < 0.001), and this difference increased with age (over 2.1-fold greater in the HW line). Thus, the most important time windows affecting ultimate body and muscle weights in the RBC and HW quail lines are between 0 to 8 d and 4 to 15 d posthatch, respectively. Rapid muscle growth rate and a greater muscle mass in the HW quail line may be partially due to the hypertrophic potential of muscle fibers, which is characterized by larger fiber size. purpose of the current study was to characterize the growth and muscle development of the HW quail line compared with the RBC quail line to better understand the mechanisms leading to increased muscle mass in the pectoralis major muscle.
MATERIALS AND METHODS

Birds and Muscle Samples
Fertile eggs from RBC and HW quail lines were obtained from the Ohio Agricultural Research and Development Center of the Ohio State University in Wooster. Fertile eggs were stored under normal storage condition (12°C with 70% RH) for less than 7 d. Eggs were then incubated in a laboratory-scale hatchery (Type 65Hs, Masalles, Barcelona, Spain). Eggs in the incubator were turned through a 90° arc every 2 h. At 6, 8, 10, 12, and 14 d of incubation, eggs were removed from the incubator and weighed, and 5 embryos from each line (total 50 embryos) were extracted with forceps and weighed. Twelve hours after hatching, the chicks from each line were weighed and reared in heated Petersime battery brooders. The embryo percentage was calculated as the ratio of the embryo weight to the total egg weight. Chicks were maintained in battery cages categorized by each line. Chicks were fed a commercial diet in accordance with the NRC (1998). A starter diet containing 29.4% CP and 2,800 kcal of ME/kg was fed ad libitum from hatching through 6 wk of age. From 6 wk of age, a diet containing 18.1% CP, 2,760 kcal of ME/kg, 2.25% calcium, and 0.43% available phosphorus was provided ad libitum (Nestor et al., 2002) . Continuous lighting was provided during all experimental periods (Reddish et al., 2003) . At 0, 4, 8, 15, 30 , and 75 d posthatch, 5 quail from each line (total 60 birds) were weighed. Chicks were individually weighted and euthanized following standard procedures (FASS, 1999) . The breast muscle was exposed, the connective tissue removed, and the entire right and left pectoralis major muscles were excised and weighed. The percentage of the pectoralis major muscle, breast yield, was calculated as the ratio of the pectoralis major muscle to the BW. All animals were handled in compliance with Institutional Animal Care and Use Committee policies and guidelines at The Ohio State University.
Samples from the right pectoralis muscles were then immediately frozen in liquid nitrogen and stored at −80°C until the analysis of DNA concentration. Crossdissected muscle tissues were taken from the superficial region in the left pectoralis major muscle belly at a region of unidirectional muscle fiber arrangement. For the analysis of muscle fiber characteristics, cross-dissected muscle tissues were fixed in 10% neutral buffered formalin and then sent to the Goss Histology Laboratory (Histology and Immunohistochemistry Core, College of Veterinary Medicine, The Ohio State University, Columbus) for the paraffin section.
DNA Concentration
The whole right pectoralis major muscle was used for the analysis of DNA concentration. Muscle sample was ground in a volume of cell lysis buffer (200 mM NaCl, 50 mM Tris, 10 mM EDTA, 1% SDS; pH 8.0) scaled to the weight of the muscle (5-10 mg/100 μL) using a Tissuemiser homogenizer (Fisher Scientific, Waltham, MA). The homogenate was stored at −20°C. Proteinase K (1.5 μL) was added to a 300-μL aliquot of cell lysate, and incubated at 55°C for 3 h. One hundred microliters of 7.5 M ammonium acetate was added to the samples, muscle samples were vortexed and then centrifuged at 10,000 × g for 10 min at 4°C. Then, 300 μL of isopropyl alcohol was added to the supernatant, mixed, and centrifuged at 10,000 × g for 5 min at 4°C. The resulting pellet with 70% EtOH was subsequently washed and dried. The DNA was resuspended in 50 μL of TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0), and the DNA concentration was measured using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA). This data was used to calculate the total DNA of the tissue.
Muscle Fiber Characteristics
Cross dissected muscle tissues were fixed in 10% formalin for 24 h. The fixed muscle tissues were dehydrated with ethanol, embedded in paraffin, and cut to 8 μm thickness. The sections were mounted on slides and stained with hematoxylin and eosin for determination of muscle fiber characteristics (Mufti et al., 1977) . Afterward, histochemical samples were examined by an image analysis system consisting of an optical microscope equipped with a QImaging Micropublisher 5.0 CCD camera (QImaging, Burnaby, BC, Canada) and a standard workstation computer that controlled the entire image analysis system (Image-Pro Plus, Media Cybernetics, Silver Spring, MD). All portions of the sections analyzed were free from tissue disruption and freeze damage. At least 300 fibers were evaluated per sample. The average CSA (μm 2 ) of the muscle fibers was determined as the ratio of the total area measured to the total number of fibers counted. The distribution of CSA was calculated as the percentage of the total number of fibers of each area section (0 to 100, 101-200, 201-300, 301-400, 401-500, 501-600, 601-700, 701-800, 801-900, 901-1,000, and more than 1,001) to the total number of muscle fibers.
Statistical Analysis
The GLM procedure was performed for the association between quail lines using the SAS software (SAS Institute, 2004 ). Significant differences of values between lines were detected by the probability difference (PDIFF), and the mean values were separated at the level of 5%. The results for the lines are presented as least squares means together with the SE.
RESULTS
Embryo, Body, and Muscle Weights
The embryo weight, embryo weight percentage relative to egg weight, and BW of the different quail lines are presented in Figure 1 . No significant differences were observed in the embryo weights from 6 (0.31 vs. 0.31 g) to 8 (0.75 vs. 0.81 g) d of incubation between the RBC and HW quail lines. There were no differences in the embryo percentage between the 2 quail lines with the exception between the lines at 10 d of incubation. Embryo percentage at 10 d of incubation was a higher in the RBC quail line compared with the HW quail line (18.61 vs. 15.21%, P < 0.05). Embryos at 10 (1.71 vs. 1.34 g, P < 0.05) and 12 (3.20 vs. 2.76 g, P < 0.05) d of incubation had a higher weight in the HW quail line compared with the RBC quail line. This difference in embryo weight continued to increase to 14 d of incubation, when the embryo weight of the HW quail line was approximately 1.3 times heavier than that of the RBC quail line (4.65 vs. 3.52 g, P < 0.01). The HW quail line exhibited higher BW than the RBC quail line in all of the age groups (P < 0.05); especially, the BW at 15 d posthatch exhibited a remarkable difference between the RBC and HW quail lines (31.13 vs. 83.36 g, P < 0.001). At 75 d posthatch, the BW was approximately 2.4 times greater for the HW compared with the RBC quail line (275.2 vs. 114.3 g, P < 0.001). 
DNA Concentration
The DNA content and total DNA mass in the pectoralis major muscle are presented in Figure 3 . The DNA contents per gram of tissue at 0 (3,854 vs. 4,259 μg/g, P < 0.05) and 4 (2,977 vs. 3,438 μg/g, P < 0.05) d posthatch were lower in the HW line than in the RBC line, whereas the HW line exhibited higher DNA content at 8 d posthatch compared with the RBC line (2,210 vs. 1,753 μg/g, P < 0.05). The HW line had a higher total DNA mass at 0 (485 vs. 278 μg, P < 0.001) and 4 (788 vs. 601 μg, P < 0.01) d posthatch compared with the RBC line, which is due to the greater pectoralis muscle weight in the HW line. After 15 d posthatch, the total DNA mass of the HW quail line was approximately 3 times higher than that of the RBC quail line (P < 0.001), although no significant differences in the DNA content per gram of tissue were observed between the 2 quail lines (P > 0.05). Level of significance: *P < 0.05; **P < 0.01; ***P < 0.001.
Muscle Fiber Characteristics
The 2 quail lines exhibited a large difference in the muscle fiber characteristics from 8 through 75 d posthatch (Figures 4 and 5) . Greater mean CSA of muscle fibers were observed in the HW quail line compared with the RBC quail line in all of the age groups (P < 0.001). At 8 d posthatch, the muscle fiber CSA of the RBC quail line was smaller than that of the HW quail line (97.11 vs. 158.5 μm 2 , P < 0.001), and the percentage of 0 to 100 μm 2 fibers was higher in the RBC quail line than in the HW line (65.38 vs. 35.57%, P < 0.01). After 15 d posthatch, the differences in the muscle fiber CSA increased with age between the HW and RBC quail lines similar to the PMW. The muscle fiber CSA of the HW line were approximately 2.3 times greater at 75 d posthatch than that of the RBC line (611.8 vs.
265.3 μm 2 , P < 0.001). At both 30 and 75 d posthatch, the percentage of 0 to 300 μm 2 fibers was higher in the RBC quail line (P < 0.05), although the HW line did show a higher percentage of larger fibers (>601 μm 2 ) compared with the RBC line (P < 0.05). Even though the percentage of relatively small cells (<300 μm 2 ) in the HW line was not high, the HW line also contained relatively small fibers in the pectoralis major muscle.
DISCUSSION
The HW quail line has a pattern of growth distinct from that of the RBC quail line. The difference in embryo growth has been thought to be due to differences in egg size and corresponding nutrient availability (Lilja and Olsson, 1987). The eggs from the heavier quail were also relatively larger compared with the eggs from the lighter quail (Arora and Samples, 2011) . In this study, the eggs from the HW quail line showed a greater weight than the eggs from the RBC quail line (11.89 vs. 9.06 g, P < 0.001). During embryonic growth, the 2 lines were of similar size at the early incubation period (up to 8 d of incubation); however, HW quail were significantly heavier than their counterparts after 10 d of incubation (P < 0.05). This difference in size increased as embryonic growth continued; however, despite the faster increase in size, the HW quail line matured more slowly than the RBC line, requiring an average of 1 d longer incubation before hatch, which has not been reported in other growth-selected quail lines. It has been shown that some lines of quail selected for BW exhibited a greater muscle mass accompanied by slower early embryonic development than nonselected quail, with a delayed expression of early myogenic developmental markers (Fowler et al., 1980; Coutinho et al., 1993) . This delay might be related to slower differentiation of muscle precursor cells that allows for a longer period of cell proliferation, leading to greater muscle precursor cell number, and thus contributing to greater muscle size.
Modern commercial birds are largely the end result of selection for BW and increased relative size of the pectoralis muscle (Updike et al., 2005; Chiang et al., 2008) . Lonergan et al. (2003) reported that the meattype chicken line showed approximately 5-fold greater BW, and the breast composition was significantly higher in the meat-type chicken line than in the Leghorn line at 8 wk of age (10.32 vs. 6.40%, P < 0.05). Berri Comparison of DNA content (A) and total DNA mass (B) in the pectoralis major muscle (PM) between the random bred control (RBC) and heavy weight (HW) quail lines. Bars indicate SE. Level of significance: *P < 0.05; **P < 0.01; ***P < 0.001. et al. (2007) reported that the meat-type chickens at 6 wk of age exhibited the great breast yields in males as well as females (17.24 and 18.45%, respectively). In the case of turkeys, a line selected for BW exhibited a heavier pectoralis muscle weight (749 vs. 297 g, P < 0.001) than a RBC line representing a composite of commercial turkey lines from late the 1960s at 16 wk of age (Updike et al., 2005) . Nestor et al. (2002) reported that the HW quail line at 4 wk of age showed a higher BW than the RBC quail line (males: 213.1 vs. 76.4 g, P < 0.05; females: 225.0 vs. 81.2 g, P < 0.05). The HW and RBC quail lines also showed a significant difference in body and pectoralis muscle weights (P < 0.05), although there was no significant difference in the pectoralis muscle as a percentage of BW in the 2 lines at sexual maturity (Reddish et al., 2003) . However, sexual maturity occurred at different ages between the 2 lines (Reddish et al., 2003) . Low birth weight has been associated with lower potential growth rates (Quiniou et al., 2002; Rehfeldt and Kuhn, 2006) . In this study, the birth weight was significantly higher in the HW quail line (P < 0.001), and the BW were more than 2.4-fold greater for the HW quail line with a higher hatch weight compared with the RBC line after 15 d posthatch (P < 0.001). When the muscle size was compared as a percentage of BW, the pectoralis major muscle of the HW quail line made up a greater percentage of BW than that of the RBC quail line after 15 d posthatch (P < 0.05), although there were no significant differences in the PMW percentage between the 2 quail lines at both 4 and 8 d posthatch (P > 0.05).
In general, rapid muscle growth coincides with high satellite cell numbers (Allen et al., 1979; Neill et al., 2009) . Growth selection leads to increased satellite cell proliferation rates as indicated by higher nuclei numbers (Brown and Stickland, 1994) , higher DNA synthesis rate, and higher total DNA mass (Fowler et al., 1980; Mitchell and Burke, 1995) . The DNA content increases substantially during postnatal life, and the most rapid period of DNA accretion coincides with the most rapid period of muscle growth (Merly et al., 1998) Most of the DNA that is accumulated in muscle, and the optimal time for muscle to synthesize and maintain protein, occurs during postnatal life and has been normally relegated to muscle fiber hypertrophy and not muscle fiber hyperplasia (Merly et al., 1998; Rehfeldt et al., 2000) . The RBC quail line showed faster rates of increase of the PMW (2.7-vs. 2.1-fold) and total DNA mass (2.2-vs. 1.6-fold) between 0 and 4 d posthatch than the HW quail line, and the DNA contents during the early postnatal period were higher in the RBC quail line compared with the HW quail line (P < 0.05). The HW quail line showed a distinct difference in the rate of increase of the PMW (33.0-vs. 12.9-fold) and total DNA mass (10.3-vs. 4.0-fold) between 4 and 15 d posthatch than the RBC quail line. This difference in the total DNA mass indicates differences in the hypertrophic potential of muscle fibers between the different selection lines (Merly et al., 1998; Rehfeldt et al., 2000) . In this study, muscle fibers of the HW quail line showed 1.3 times greater CSA at 8 d posthatch, and the difference in the fiber CSA between the 2 lines was increased after 15 d posthatch (over 2.1 times) due to the difference in hypertrophic potential. The HW quail line exhibited a higher percentage of relatively large fibers (>501 μm 2 ), and the RBC line had a higher percentage of relatively small fibers (<200 μm 2 ) in the pectoralis major muscle. However, the increase rates of the BW, PMW, and muscle fiber CSA did not seem to be a big difference between the 2 quail lines after 15 d posthatch. Similar findings were reported by Vali (2008) , who suggested that the RBC quail line had similar growth rates between 14 and 21 d (1.69-vs. 1.73-fold) and 21 to 28 d (1.31-vs. 1.33-fold) posthatch compared with the HW quail line. Ricklefs and Marks (1984) reported that the growth rates of BW-selected and nonselected quail lines were only different up to 2 wk posthatch. Therefore, the most important periods for muscle growth are between 0 and 8 d and 4 to 15 d posthatch in the RBC and HW quail lines, respectively. Thus, after hatching, the RBC quail line matured more quickly than the HW quail line, which is consistent with our findings in the embryonic growth period.
No significant increases in the postnatal muscle fiber number have been observed in mice (Nimmo and Snow, 1983) , cattle (Wegner et al., 2000) , chicken (Smith, 1963) , and quail (Fowler et al., 1980) . Thus, muscle growth and ultimate muscle mass are largely determined by the number of prenatally formed muscle fibers and the CSA and length of individual muscle fibers (Gollnick et al., 1983; Remignon et al., 1995; Merly et al., 1998; Choi and Kim, 2009; Ruusunen et al., 2012) . Swatland and Kieffer (1974) reported that the average muscle fiber CSA in double-muscled cattle and control cattle was similar, which indicates that the difference in muscle mass between the 2 cattle lines is due to hyperplasia of muscle fibers during early muscle development. In this study, the differences in the PMW and muscle fiber CSA between the 2 quail lines at 8 d posthatch were not high. The HW quail line was 1.80-and 1.64-fold greater in the PMW and the muscle fiber CSA compared with the RBC quail line at 8 d posthatch, respectively. Therefore, the rapid muscle growth rate and ultimate muscle mass in the HW quail line can be partially explained by the hypertrophic potential of muscle fibers, which is characterized by larger muscle fiber size rather than the muscle fiber number, as would be seen in hyperplasia.
In conclusion, considering temporal changes in the rate of increase in muscle mass accompanied with correlative increases in the amount of total DNA between the RBC and HW quail lines, distinct myogenic potentials may occur in the most important time windows, the 0 to 8 d and 4 to 15 d posthatch periods, respectively. Thus, to practically apply this knowledge for the increase of muscle mass in different Japanese quail lines, more information must be gathered on how molecular events during embryonic period and the most important time windows influence ultimate body and muscle weights.
